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3-D Hyperintegration and
Packaging Technologies for
Micro-Nano Systems
These technologies stack and interconnect materials and components to achieve
high density, small size, low weight, reduced power, and very low cost.
By Jian-Qiang Lu, Senior Member IEEE

ABSTRACT | Three-dimensional (3-D) hyperintegration is an
emerging technology, which vertically stacks and interconnects
multiple materials, technologies, and functional components to
form highly integrated micro-nano systems. This 3-D hyper-
integration is expected to lead to an industry paradigm shift
due to its tremendous benefits. Worldwide academic and
industrial research activities currently focus on technology
innovations, simulation and design, and product prototypes.
Anticipated applications start with memory, handheld devices,
and high-performance computers and extend to high-
density multifunctional heterogeneous integration of InfoTech-
NanoTech-BioTech systems. This paper overviews the 3-D
hyperintegration and packaging technologies, including moti-
vations, key technology platforms, status, and perspectives
towards commercialization. The challenges associated with the
3-D technologies are addressed, including integration archi-
tectures and design tools, yield and cost, thermal and mechan-
ical constraints, and manufacturing infrastructure.
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I . INTRODUCTION
Three-dimensional (3-D) hyperintegration is an emerging
technology that can form highly integrated systems by
vertically stacking and connecting various materials, tech- nologies, and functional components together, as shown in

Fig. 1 [1]. The potential benefits of 3-D integration can vary
depending on approach; they include multifunctionality,
increased performance, increased data bandwidth, reduced
power, small form factor, reduced packaging, increased yield
and reliability, flexible heterogeneous integration, and
reduced overall costs. For example, a small form factor is
achieved by stacking active component layers on top of one
another in any 3-D approach. Since simple complementary
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Fig. 1. A vision of future 3-D hyperintegration of InfoTech, NanoTech,
and BioTech systemsVa new paradigm for future technologies.
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metal–oxide–semiconductor (CMOS) device scaling has
stalled, this third dimension allows extending Moore’s law to
ever higher density, higher functionality, higher perfor-
mance, and more diversified materials and devices to be
integrated with lower cost. Speaking at the 2006 IEEE
International Electron Devices Meeting (IEDM), Dr. C.-G.
Hwang, president and CEO of Samsung Electronics, stated
that Brapid adoption of 3-D integration technology seems to
be essential and, thankfully, unavoidable.[ [2] It is expected
that the industry paradigm will shift to a new industry-fusing
technology era that will offer tremendous global opportuni-
ties for expanded use of 3-D silicon-based technologies in
highly integrated systems. Indeed, 3-D integration is re-
cognized as an enabling technology for future ICs and low-
cost micro/nano/electroopto/bio heterogeneous systems.

This paper attempts to provide an overview of the 3-D
hyperintegration and packaging technologies, to discuss
their benefits and applications, and to address key chal-
lenges associated with the 3-D technologies. The author
believes that many unique system architectures will be
realized with 3-D integration and hopes that this paper
motivates IC system architect designers to extend their
horizons to 3-D hyperintegration.

II . 3-D INTEGRATION APPROACHES
Various 3-D technologies are currently pursued, as
illustrated in Fig. 2. They can be divided into three
categories based on their similarity to other technologies:

1) 3-D packaging technology [Fig. 2(a)–(c)];

2) transistor build-up 3-D technology [Fig. 2(d)–(f)];
3) monolithic, wafer-level, back end of the line

( B E O L ) - c o m p a t i b l e 3 - D t e c h n o l o g y
[Fig. 2(g)–(k)].

Each 3-D technology is briefly described below, with
possible application examples showing the worldwide
research and development activities.

A. Packaging-Based 3-D Integration
Packaging-based 3-D integration, i.e., the stacked chip-

scale package (CSP) as called historically, is enabled by
wire bonding and flip-chip bonding as depicted in
Fig. 2(a). These include system-in-package (SiP), which
is formed by stacking thinned chips with wire bonding to
connect them, and package-on-package (PoP), which is
formed by stacking packages such as SiPs with flip-chip
bonding. These SiPs or PoPs are already commercially
available products, particularly widely used in cell phones
[3], [4], [91]. Today’s new cell phones have at least one SiP
or PoP, while more than a billion cell phones were
delivered in 2006.

B. Die-to-Die 3-D Integration
Die-to-die 3-D integration is enabled by thinned die-to-

die bonding and through silicon via (TSV) interconnec-
tions, as depicted in Fig. 2(b). The TSVs are typically
formed by laser drilling, such as a prototype eight-die
memory stack by Samsung [5] or deep reactive ion etching
(DRIE), such as a Bosch process [6], [7], followed by liner
deposition and copper fill.

Fig. 2. Schematic representations of major 3-D integration approaches: (a)–(c) 3-D packaging technology, (d)–(f) wafer-level transistor
buildup 3-D technology, and (g)–(k) wafer-level BEOL-compatible 3-D technology.
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C. Die-to-Wafer 3-D Integration
Die-to-wafer 3-D integration as depicted in Fig. 2(c) is

enabled by die-to-wafer bonding, with interchip electrical
interconnections formed by postbond via formation [8] or
solder (or eutectic) bonding during the die bonding pro-
cess [9]. This approach uses techniques from both pack-
aging and wafer fabrication, such as die pick-and-place and
TSV formation, respectively. A system-on-chip (SoC),
which is difficult to be fabricated with two-dimensional
(2-D) integration, may be realized with several smaller
chips stacking on a large chip [8].

D. Transistors Formed Inside On-Chip Interconnect
The approach to form transistors inside on-chip inter-

connect layers on a piece of recrystallized silicon film is
depicted in Fig. 2(d). A small piece of amorphous silicon
film is deposited with a catalyst followed by either laser
heating or rapid thermal anneal to recrystallize the silicon
[10], [92]. The transistors are then formed by BEOL com-
patible processing. These transistors may be used to form
repeaters for on-chip interconnects or signal amplifiers for
optical interconnects.

E. Transistors Formed on Polysilicon Films
The approach to form transistors on polysilicon films

layer by layer with tungsten interlayer vias is depicted in
Fig. 2(e). After the first layer of transistors is completed,
an amorphous silicon film is deposited and converted to
polysilicon by laser heating or rapid thermal anneal [11].
The tungsten via can tolerate the relatively high tempera-
tures (�600 �C) needed for polysilicon conversion and
transistor formation. These transistors may be used to
fabricate low-performance nonvolatile memory [11].

F. Transistors Formed on Single-Crystal Silicon Films
The approach to form transistors on single-crystal sili-

con films layer by layer is depicted in Fig. 2(f). The silicon
layer can be bonded onto the oxide surface of a previously
fabricated transistor layer by transferring the crystal sili-
con film from a silicon-on-insulator (SoI) wafer. The in-
terstrata via is filled with polysilicon and/or tungsten,
enabling device fabrication at relatively high temperature.
Very high-density SRAMs and NANDs are demonstrated
with this approach [2], [12], [13].

G. Wafer-Level BEOL-Compatible
3-D Hyperintegration

Monolithic wafer-level BEOL-compatible 3-D hyper-
integration is enabled by wafer alignment, bonding, thin-
ning, and interwafer interconnections, as depicted in
Fig. 2(g)–(k). All approaches shown use TSVs to form the
interwafer interconnects (i.e., interstrata interconnects,
interwafer vias, or interstrata vias). They differ as to when
the via is formed, before/during bonding (via first) or
after bonding (via last). In addition, a variety of bond
layer types can be chosen. Four major bonding and inter-

strata interconnection approaches are highlighted in
Fig. 2(h)–(k):

� via last, oxide-to-oxide bonding [Fig. 2(h)];
� via last, adhesive (polymer) bonding [Fig. 2(i)];
� via first, copper-to-copper bonding [Fig. 2(j)];
� via first, bonding of damascene-patterned metal/

adhesive redistribution layer [Fig. 2(k)].
Academic and industrial organizations are actively

developing a variety of wafer-level 3-D technologies [14]–
[39]. Many organizations are currently evaluating com-
peting wafer-level 3-D technologies [2], [14], [23], [24],
[26], [31], [36], [37].

There are also other approaches not shown in Fig. 2,
such as forming the TSVs during the front end of the line
(FEOL) processing [29], stacking chips with metallization
on the stack lateral side [40], stacking chips on silicon
carrier with TSVs [41], or combining various approaches.

Wafer-level BEOL-compatible 3-D hyperintegration is
perhaps the most promising 3-D integration for high-
volume production of highly integrated micro-nano
systems. More details of these wafer-level 3-D platforms
and their key enabling unit processes are discussed in the
next section.

III . WAFER-LEVEL BEOL-COMPATIBLE
3-D HYPERINTEGRATION
Wafer-level BEOL-compatible 3-D hyperintegration can be
categorized into two platforms, i.e., via-last and via-first
3-D platforms, as illustrated in Figs. 3 and 4, respectively.

For the via-last 3-D platform as shown in Fig. 3, the
interstrata vias are formed after the wafers are aligned and
bonded, and the top wafer backside is thinned. Since these
vias are usually formed through a silicon layer, they are
also called through silicon vias. The TSV usually consists of
an electrical isolation layer (e.g., SiO2 or other dielectrics),
liner or barrier layer (e.g., titanium, tantalum, TiN, or
TaN), and a via metal (e.g., copper, tungsten, or highly
doped polysilicon). The wafers can be attached by either
adhesive-to-adhesive bonding [15], [18] or oxide-to-oxide
bonding [24], [26].

For the via-first 3-D platform as shown in Fig. 4, the
majority of interstrata vias can be formed during the wafer
bonding process (right after wafer alignment) but before
the top wafer backside is thinned. To differentiate TSVs,
thus bonded interstrata vias can be called Bbond vias.[ For
some cases, wafers are bonded only by these bond vias.
Similar to the TSV, the bond via also consists of an elec-
trical isolation layer, a liner or barrier layer, and a via
metal, while the candidates for the via metal can be ele-
mental metals (e.g., copper, gold), eutectic conductors, or
solders (e.g., InAu, CuSn). Besides the metal bonding that
forms the interstrata interconnects (bond vias), the
bonding interface can include adhesive-to-adhesive bond-
ing (such a platform is called a metal/adhesive via-first 3-D
platform [16], [17]), oxide-to-oxide bonding (such a
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platform is called a direct bonded interconnect [42]), or
leaving an air gap by recessing the dielectrics surrounding
the metal bonding posts [23], [29].

For wafer-level BEOL-compatible 3-D platforms, only
four key enabling unit processes are required, as discussed
below.

1) Wafer-to-Wafer Alignment: A wafer-level alignment
accuracy of one micrometer or smaller has been achieved,
which is sufficient for most applications. Wafer alignment
tools were developed for microelectromechanical systems
(MEMS). New wafer alignment tools have been further
developed for wafer-level 3-D integration [21], including

infrared (IR) aligner (limited to IR transparent wafers) [26]
and SmartView aligner for aligning wafers face-to-face or
face-to-back [22], [43]–[45]. Mechanical interlock struc-
tures have also been demonstrated for fine alignment [46].

2) Wafer-to-Wafer Bonding: A bonding temperature
compatible with BEOL processing (e.g., � 400 �C) and a
bonding interface thickness of one micrometer or smaller
have been achieved. Wafer bonding was also developed
initially for MEMS. It has been greatly researched for
BEOL-compatibility and wafer-scale void-free bonding,
which limit the wafer bonding to low temperature and use
of nonoutgassing materials as the bonding intermediate

Fig. 3. Schematic cross-section of three-stratum stack of via-last 3-D platform, showing bonding interface and vertical interstrata vias (TSVs).
The bonding interface can be either adhesive-to-adhesive bonding [15], [18] or oxide-to-oxide bonding [24], [26].

Fig. 4. Schematic cross-section of three-stratum stack of via-first 3-D platform, showing bonding interface and vertical interstrata vias (bond vias
and TSVs). Besides the metal bonding that forms the interstrata interconnects, the bonding interface can include an adhesive-to-adhesive bonding
[16], [17] or oxide-to-oxide bonding [42], or leave an air gap by recessing the dielectrics surrounding the metal bonding posts [23], [29].
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